INTRODUCTION
Agonist-induced Ca21 signals propagate through adjacent cells in excitable cell types ranging from astrocytes (Cornell-Bell et al., 1990) to cardiac myocytes (Spray and Burt, 1990) . This intercellular coordination appears to represent long-range signaling (Cornell-Bell et al., 1990) and may be responsible for the synchronized and integrative behavior exhibited by cells comprising neuronal (Cornell-Bell et al., 1990) or cardiac (Spray and Burt, 1990) tissue. In contrast, individual epithelial cells such as hepatocytes have been characterized by a lack of uniform Ca21 signals in response to agonist stimulation (Monck et al., 1988) .
Hepatocytes are coupled via Fap junctions that admit second messengers such as Ca + and inositol trisphosphate (IP3) (Saez et al., 1989) . This may be of functional significance because microinjection of Ca21 into one cell of an hepatocyte triplet (with a final Cai2+ concentration of 10 MM in that cell) leads to a Ca2+-mediated event in the other two hepatocytes, i.e., contraction of the canalicular space they enclose (Watanabe et al., 1985) . These observations suggest that Ca2+ signals may be coupled in hepatocytes. In pancreatic acinar cells, another type of epithelium, disruption of gap junctions alters agonist-induced amylase secretion (Meda et al., 1987) . It has been difficult to adequately define hormone-induced intercellular Ca 2+ signals in these types of cells because Cai2+ waves spread across isolated hepatocytes at 20-25 ,um/s (Rooney et al., 1990 ) and release of caged IP3 results in localized Ca,2+ increases within 50 ms (Parker and Ivorra, 1990) , so that Cai2+ transients may occur at or exceed the limits of detection by digital epifluorescence imaging. In addition, epithelial cell preparations in which polarity has been maintained are often too thick or dense for detailed subcellular resolution of Ca,2+ dyes by digital epifluorescence imaging.
To better define the spatial and temporal profile of Cai2+ signals in epithelial cells, isolated rat hepatocyte couplets (Boyer et al., 1988; Graf and Boyer, 1990 ) loaded with the Ca2+-sensitive dye fluo3 (Kao et al., 1989) were examined using confocal line scanning microscopy.
MATERIALS AND METHODS

Animals and Materials
Male Sprague-Dawley rats 
Preparation of Isolated Hepatocytes and Hepatocyte Couplets
Isolated rat hepatocytes and hepatocyte couplets were prepared in the Hepatocyte Isolation Core Facility of the Yale Liver Center as described previously (Boyer et al., 1988; Graf and Boyer, 1990 (Monck et al., 1988; Kawanish et al., 1989; Rooney et al., 1990) , and phenylephrine often induces Cai2+ oscillations (Kawanish et al., 1989; Rooney et al., 1990) . Octanol induces a selective and reversible inhibition of hepatocyte gap junction conductance (Spray et al., 1986; Saez et al., 1989 
Microperfusion Studies
Individual hepatocytes were also selectively stimulated with vasopressin using an Eppendorf 5242 Microinjector (Eppendorf, Fremont, CA). Micropipettes were loaded with 1 MM vasopressin and had an orifice diameter of 2 im and a constant positive pressure of 25 hPa, so that the calculated flow rate out of the tip was 0.14 Ml/s. Tips were advanced toward a couplet (n = 16) or a pair of single cells (n = 11 pairs, average distance between each cell in a pair = 6.4 ± 5.3 Mm) until a Ca2" rise was detected (by line scanning) in the cell nearest to the pipette tip. In these studies, two-channel recordings of the confocal (fluorescent) and nonconfocal (transmission or light-microscopic) images were displayed simultaneously. With this approach, advancement of the pipette tip and resulting changes in the fluorescent signal in the hepatocyte(s) could be monitored at the same time (on the transmission and confocal channels, respectively). To minimize diffusion of vasopressin to nearby cells, tips were always advanced in the direction opposite to the direction of flow in the chamber; this flow rate was -1.1 ml/min.
RESULTS
Stimulation of isolated hepatocytes with vasopressin caused a rise in Ca12+ that was preceded by a 10-s latency period, as described previously (Monck et al., 1988) . The standard deviation of the latency period was used as an index of the cell-to-cell variation in this latency period and was measured using confocal line scanning of isolated hepatocytes ( Figure 1 ). Seventy cells were studied (9 separate preparations, 6-11 cells per preparation), and the standard deviation of the latency period was 1.32 ± 1.07 s (mean ± SD). There was no correlation between latency period and either initial fluorescence intensity or position in the perfusion chamber.
In addition, the Cai2+ rise was measured in eight hepatocyte couplets stimulated with vasopressin ( Figure  2 ). The rise was initiated by a Ca2+ wave that spread across the cells at a rate of 109 ± 76 jm/s (range 36-207 um/s). There was an average difference of 172 ± 77 ms (range 0-330 ms) between the time that the Cai2+ signal began to rise in the first and second cell of each couplet, although Ca2" waves did not pause at cell boundaries. The probability that each half of a couplet would initiate a rise in Cai2+ independently within 330 ms in eight consecutive couplets is 1.7 X 10-7 (Appendix 2), indicating that the vasopressin-induced rise in Cai2+ in one cell of an hepatocyte couplet is not independent of the rise in the other cell. Because the time delay between the Ca,2+ rise in the first and second cell of each couplet is the square root of the second moment about their mean latency period, this difference is the same statistic as the standard deviation of the latency period in populations of single cells, and the two statistics are directly comparable ( Figure 2G ).
To ascertain whether gap junctions are necessary for this coordinated rise in Cai2+, couplets were pretreated Figure 1C (Monck et al., 1988; Rooney et al., 1990) . The cell-to-cell variation in this latency period was measured in isolated hepatocytes using confocal line scanning microscopy, and the lack of correlation between latency period and either initial fluorescence intensity or position in the perfusion chamber suggests that this variability reflects intrinsic differences among cells rather than buffering of Cai2+ by fluo3 or delays in response due to transit time of vasopressin along the perfusion chamber. This cell-to-cell variation was reduced by an order of magnitude in hepatocyte couplets, which indicates that the vasopressin-induced rise in Cai2+ in one cell of an hepatocyte couplet is linked to the rise in the other cell.
This highly coordinated rise in Ca,2+ between cells was abolished by octanol, which suggests that the organization of vasopressin-induced Ca,2+ signals in hepatocyte couplets depends on preserved function of gap junctions (Spray et al., 1986 The Ca2+ dye fluo3 appears to distribute nonuniformly in some hepatocytes (Figure 2, A and B) , and its punctate fluorescence distribution is suggestive of compartmentalization of some of the dye (Kawanish et al., 1989) . When encountered during digital epifluorescence imaging (Kawanish et al., 1989) , this phenomenon may introduce errors in Cai2+ measurements due to fluorescence contributions from noncytosolic compartmients. cence over time at specific locations within the cytosol can be followed accurately despite compartmentalization of the dye elsewhere in the cell.
Cytosolic Ca" waves, both intra-and intercellular, have been observed in a variety of epithelia aacob, 1990; Kasai and Augustine, 1990; Rooney et al., 1990; Sanderson et al., 1990) . Wavefront speeds ranging from 15 to 50 ,m/s have been reported within single cells aacob, 1990; Kasai and Augustine, 1990; Rooney et al., 1990; Sanderson et al., 1990) , whereas intercellular Cai2" waves appear to be slower (up to 25 Mim/s) and to pause at cell boundaries (Sanderson et al., 1990) . On the basis of such observations, it has been estimated that the diffusion coefficient D for Cai2+ in hepatocytes is 330 Mm2/s (Meyer, 1991) , which is similar to the diffusion coefficient for Cai2+ in other cell types (Lechleiter et al., 1991; Meyer, 1991) . The present work indicates that Ca2+ signals that result from hormonal stimulation travel across hepatocyte couplets and triplets at average speeds > 100 ,um/s (with speeds of over 200 Am/s in some couplets), almost an order of magnitude faster than speeds of Cai2+ waves reported in other epithelia. On the basis of these velocity measurements and the assumption that D is proportional to the square of the. velocity (Meyer, 1991) , estimates of D would be on the order of 8000 ,m2/s. This diffusion coefficient is over 20 times the value expected from simple diffusion of Cai2" and over 200 times the value expected from diffusion of IP3 (Lechleiter et al., 1991) . In previous studies of intercellular Cai2+ signaling, individual epithelial cells were stimulated either mechanically (Sanderson et al., 1990) or by microinjection of Ca2+ or IP3 (Saez et al., 1989; Sanderson et al., 1990) , and the resultant Ca2+ wave was followed as it crossed into adjacent cells that had not been stimulated. In the current study, in contrast, both cells of each couplet were stimulated simultaneously. This led to a Ca2+ signal that appeared to begin at a single locus in one cell of the couplet, even though both cells had been stimulated. This Cai2+ signal then spread at an unexpectedly high speed across both of the cells, without pausing at cell boundaries. This finding suggests that hormonal stimulation induces a type of coordinated intercellular response that is different from and much faster than is seen by (v) and the "apparent" or measured velocity (va) of a Ca 2+ wave in an isolated hepatocyte, we make the following assumptions ( Figure 5 ): 1) The hepatocyte is a sphere with radius (R) centered at (0, 0);
2) The Cai2+ wave emanates from a point (P) (x, y) at a constant velocity (v); 3) Line scanning measurements are performed along the y-axis of the cell. Because a sphere is radially symmetric, without loss of generality we can consider the plane through the cell containing both the scan line and P. The apparent velocity along the scan line will be va = v(R -y)/{(X2 + [R _ y]2)1/2 -x} To determine the mean value for va (ia), we must eval- and v is 79% of va in single isolated hepatocytes, on average. By similar considerations the average speed of a Cai2+ wave across a couplet can be calculated. In particular, as the intracellular portion of the scan line increases relative to the distance between P and the scan line, the extent to which va overestimates v will decrease. Thus, in an hepatocyte couplet Va < 1.17v and v is over 85% of va on average.
APPENDIX 2
To test the hypothesis that Cai2+ signals begin independently in each half of a couplet, the probabilit7 that N(0, 1) , and 41 is the cumulative distribution function for z. The probability that this event would occur eight consecutive times, as we experimentally observed, is 0.143' (or 1.7 X 1l-7), which indicates that the vasopressin-induced rise in Cai2+ in one cell of an hepatocyte couplet is not independent of the rise in the other cell.
